Flexible electronics are expected to play a key role in connecting human lives with versatile smart electronic devices due to their adaptability to different shapes, surfaces, and even the human body. However, heat management issues found in most flexible devices due to the low thermal conductivity of conventional plastic or paper substrates become significant for large-scale integration or high-temperature applications. In this study, we employed high thermal conductivity nanopaper composed of twodimensional (2D) hexagonal boron nitride nanosheets and one-dimensional nanofibrillated cellulose to form a flexible deepultraviolet photodetector demonstrating superior photodetectivity of up to 8.05 × 10 10 cm Hz 1/2 /W, a short response time of 0.267 s, and excellent flexible durability featuring repeatable ON/OFF photoswitching over 200 bending cycles. Because the boron nitride paper has a high thermal conductivity of 146 W/mK, which is three orders of magnitude larger than plastic or paper substrates, the photodetectors can work at high temperatures of up to 200°C. The boron nitride paper-based strategy described herein suggests a path for improving heat dissipation in flexible electronics and achieving high-performance deep-ultraviolet photodetectors, which can be applied in wearable applications.
INTRODUCTION
Flexible electronics are developing rapidly, incorporating all kinds of functional attributes into pliable substrates to meet the personalized demands of future technology, such as wearable electronics, the internet of things, electronic skins, and biomedical healthcare, which are expected to bring unprecedented innovations to our lives. [1] [2] [3] [4] [5] Due to the unique capabilities of these devices to stretch, bend, twist, and fold, thus conforming to all kinds of applications, flexible electronics hold a market size of around $6 billion as of 2017, which is expected to grow to $33 billion by 2024. 6 Flexible electronics can be classified into two categories: plasticand paper-based devices. 7 In the past few years, plastic-based devices have been the mainstream for commercial flexible applications, which are fabricated by mounting electronic components on flexible polymer substrates, such as polyimide, polyethylene terephthalate, and polydimethylsiloxane. Due to the soft nature and flat surface of plastic substrates, complex circuit assemblies can be manufactured by the same printing technology used to produce rigid printed circuit boards, thus achieving mass production for plastic electronics. 2 With single-sided circuit design and the capability to easily integrate multiple printed assemblies, plastic-based devices are ideal for dynamic and high-flex applications. Nevertheless, there are still several drawbacks for plastic devices, including repair difficulties, environmental unfriendliness, and high production costs.
On the other hand, paper devices (or fiber-based, in a broad sense) are lightweight, foldable, low-cost, and easy to process compared to plastic-based materials. 8 Furthermore, because of their biodegradable and recyclable nature, paper devices meet the trends of next-generation green technology, resulting in rapid market-size growth. 9 Benefiting from printing technology, various electronic components on paper substrates have been developed, such as transistors, 10 memory, 11 detectors, 12 capacitors, 13 resistors, 14 diodes, 15 and power generators, 16 which by integrating these elements into functional circuits enable advanced applications, including nanopaper antennas, 17 paper-based lithium-ion batteries, 18 and radio frequency identification tags. 19 However, due to the extremely low thermal conductivity of plastic and paper substrates, 20, 21 heat dissipation problems exist in both device types, making it difficult for them to function at high temperatures. 22 Additionally, when the dimensions of the device are smaller, as is the trend of modern integrated electronics, 23 the decrease in the contact areas between the electronic components and the substrate results in an increase in device power density. This causes heat accumulation to occur during operation, degrading the flexible device performance. [24] [25] [26] Moreover, the thermal issue is especially critical for flexible optoelectronics. 27 Regardless of whether the application involves light harvesting (such as photovoltaic cells and photosensors) or irradiation (such as light-emitting diodes and lasers), a considerable amount of thermal energy accompanying the light can decrease the device performance significantly. 28 Therefore, improving heat dissipation is the next requirement for high precision and performance flexible electronic applications.
Recently, due to immunity from solar interference, solar-blind deep-ultraviolet (DUV) photodetectors (PDs) have been widely used in various applications, including automatization, intersatellite and underwater communications, biological sterilization detectors, and military detection. 29, 30 These applications usually involve tasks requiring high sensitivity and security. Therefore, stable and high-performance devices are required, thus also necessitating strong thermal management in order to dissipate the heat generated by the high energy DUV light.
To achieve these goals, we fabricated high thermally conductive boron nitride (BN) paper using 2D hexagonal (h)-BN nanosheets structurally supported by 1D nanofibrillated cellulose (NFC). This flexible BN paper exhibits superior thermal conductivity that is three orders of magnitude higher than conventional plastic or paper substrates, making it an ideal dielectric substrate to realize flexible electronics with high thermal stability. Owing to the highquality fabrication of combining nano-sized h-BN and NFC materials, the BN nanopaper possesses a smooth surface, enabling the use of conventional microelectronic deposition processes for device fabrication, such as sputter deposition and E-beam evaporation. Flexible DUV PD devices were constructed using sputtered Pt electrodes on the BN paper substrate and demonstrated remarkable photosensing performance (detectivity of up to 8.05 × 10 10 cm Hz 1/2 /W) and fast photoresponse (response and recovery times were 0.267 s and 0.393 s, respectively). The flexible device also features high durability with reproducible photodetection over 200 bending cycles. With the excellent heat dissipation provided by the BN paper substrate, the PD we report herein is suitable for DUV-related flexible applications at operation temperatures of up to 200°C. Figure 1 shows the fabrication process of the BN paper-based PD. First, commercial bleached softwood pulp was treated by an oxidation process (see Methods), followed by mixture with deionized water to produce a cellulose suspension. Next, the suspension was disintegrated by a microfluidizer to achieve the fine NFC suspended material. The NFC, composed of fibrils featuring a diameter ranging from 5 to 100 nm, 31 formed the basis of the flexible nanopaper substrates.
RESULTS AND DISCUSSION
Besides providing flexibility to the devices, another desirable function for the flexible substrate is dissipating heat generated by the electronics. Therefore, 2D h-BN nanosheets featuring high thermal conductivity were introduced by exfoliating h-BN micropowder in isopropyl alcohol via sonication. After dispersing the NFC and h-BN mixed suspensions in a sonic bath, the material was then filtered and collected on a membrane, followed by drying under mechanical pressure to obtain the BN paper (see Methods). 32 Finally, the flexible BN PDs were fabricated by directly sputtering Pt electrodes onto the BN paper surface through a shadow mask (the dimensions of the device are shown in Fig. S1 ).
In general, conventional paper devices are made using printing technology or coating methods due to the rough surface of the substrate (typically several microns in surface roughness). 33 Here, due to the high-quality paper fabrication process and the nanoscale size of both the h-BN nanosheets and the NFC, the resulting BN paper possesses a root-mean-square surface roughness (Rms) as low as 122 nm, according to the surface morphology as surveyed by atomic force microscopy (AFM; Fig. S2 in the Supplementary Information). As a result, devices based on BN paper are compatible with semiconductor fabrication processes, such as E-beam evaporation or sputtering, thus enabling mass production. Furthermore, the smooth surface of BN paper also enables scalable patterning fabrication methods. As shown in Fig.  S3 , the patterned Au electrodes were successfully constructed on BN paper using electron beam lithography process, which is impossible for conventional paper. However, we found the flexible nature of BN paper can lead to the pattern distortion during lithography. Although this pattern distortion is not obvious for fabricating microscale patterns, it might limit the BN paper for nanoelectronics applications using solution-based lithography.
An optical image and illustrated structure of the BN paper is shown in Fig. 2a, b . In this structure, the 2D h-BN nanosheets stack randomly along the in-plane direction of the paper. The large contact area between the h-BN nanosheets helps assist in heat dissipation. Owing to the minimized thermal contact resistance between the h-BN sheets and the outstanding thermal conductivity of h-BN, the BN paper is a suitable substrate for improving thermal management in flexible electronics. The surface morphology of the BN paper is shown in the scanning electron microscopy (SEM) image in Fig. 2c , which demonstrates that the 2D h-BN material is compactly wired by the 1D NFC, which provides strong mechanical strength and durability for the paper structure. On the other hand, the ultrathin nature of the 2D h-BN nanosheets, as demonstrated by the transmission electron microscopy (TEM) in Fig. 2d , helps maintain the flexibility of the BN paper, as well as providing its optoelectronic functionality. The electron diffraction pattern of an h-BN nanosheet is shown in Fig. S4 , revealing its high crystallinity.
For solar-blind detection, the PD cannot absorb above 280 nm, rather only responding to wavelengths shorter than solar radiation. In our PD design, NFC is not conductive and purely provides mechanical strength and flexibility for the BN paper. On the other hand, besides greatly improving the thermal conductivity of the paper, the h-BN also acts as the active material. With a dielectric constant of 3-4, h-BN is not very conductive. 34 However, due to the large bandgap of 5.97 eV, 35 h-BN is able to absorb light in the DUV wavelengths to produce a large photogenerated current. Based on this mechanism, h-BN composed PDs exhibit an outstanding capability for solar-blind detection. Figure 3a demonstrates the current-voltage (I-V) characteristics of a BN paper PD in the dark and under 185 nm DUV illumination at different light intensities. In this work, the typical measurement conditions were under a bias of 10 V unless otherwise noted. The current varied with light intensity, which demonstrates the high sensitivity of the devices for detecting DUV light. We estimated the responsivity (R) of the BN paper PD using the equation R = I p / P, where I p is the photogenerated current, and P is the UV illumination power. 36 The light intensity-dependent responsivity at 10 V bias is shown in Fig. 3b , which indicates that the responsivity slightly decreases with light intensity. The reason for such light intensity-dependent responsivity is that the excess number of photogenerated carriers produced when the device is under high-intensity illumination will raise the possibility of carrier recombination. 37 To further examine the solar-blind property of the BN paper PD, we performed wavelength-dependent measurements on the device from 300 to 1000 nm. The results shown in Fig. 3c demonstrate that the BN paper PD has no response to this region of the solar black-body spectrum, confirming its solar-blind characteristics. Time-resolved study is also important for determining the practicality of the PD. Figure 3d presents the current of the BN paper PD as the 185 nm DUV light is switched ON and OFF over time. The reversible current switching demonstrates the reliable photodetection ability of the BN paper device. Furthermore, it also indicates short response and recovery times of 0.267 s and 0.393 s, respectively, as shown in the Fig. 3d inset to illustrate the device's fast photodetection. Previously, an h-BN film PD has been reported that featured a recovery time of a few seconds. 38 Therefore, the much shorter recovery time of the BN paper PD in this study implies that an additional carrier transport mechanism is involved.
Because the current flow in the BN paper PD involves connections between many h-BN nanosheets, the junction interface between these nanosheets will play a key role in the carrier transport. The schematic of Fig. 3e illustrates the additional conducting mechanism observed in the BN paper device. When h-BN nanosheets contact with each other, a depletion layer emerges at the junction interface due to the surface defects of the material. [39] [40] [41] Under the dark condition, the barrier at the h-BN nanosheet-nanosheet interface due to the depletion layer will hinder carrier transport in the device, dominating the transport of the overlapping nanosheets. This leads to a very low dark current in the BN paper PD. On the other hand, under DUV illumination, large amounts of electron-hole pairs are generated in h-BN. The significantly increased carrier density can decrease the thickness of the depletion layer, thus reducing the junction barrier height and benefiting carrier transport. 42 When the illumination source is turned OFF, the fast electron-hole recombination raises the junction barrier to the original level immediately, leading to the short recovery time of the current in the BN paper PD. With the fast photoresponse, the device is able to achieve efficient detection of various intensities of light.
Detectivity (D*) is the key factor for judging the sensitivity of PDs in terms of their ability to detect an optical signal. 43 Because of a lack of background noise from nature in the solar-blind wavelength region, detectors with a detectivity higher than 10 8 cm Hz 1/2 /W can usually achieve excellent solar-blind photodetection. 44 In this study, the BN paper PD possesses a detectivity of 8.05 × 10 10 cm Hz 1/2 /W at 10 V bias, based on the equation D* = 1/ NEP = f 1/2 /P = R/(2eJ d ) 1/2 , in which NEP is the noise-equivalent power, f is the frequency bandwidth of the PD, e is the charge of the electron, and J d is the dark current density. 45 Such a high detectivity value confirms the practicality of the BN paper PD for reliable solar-blind detection.
Strong thermal management can significantly improve device performance, but a problem with flexible electronics today is the poor heat dissipation of convention flexible substrates. For example, plastic substrates have low thermal conductivity of around 0.27 W/mK, and typical paper substrates are 0.04 W/ mK. 20, 21 In contrast, the thermal conductivity of BN paper has been measured as high as 146 W/mK using steady-state method, 46 which is three orders larger than conventional flexible substrates. Based on the high thermally conductive structure of the h-BN network, the heat generated in the BN paper PD can be easily dissipated and thus enabling the device to be more thermally stable.
To highlight the thermal stability of the BN paper PD, we investigated the device performance from 25 to 200°C. Figure 4a demonstrates the temperature-dependent I-V curves of the device under dark and 185 nm light illumination. The increasing current with temperature implies the insulating behavior of h-BN, which means more carriers are thermally excited to the conduction band at high temperature, leading to the enhanced 48 n-p-n SiC, 47 GaN, 49 and n-p-n Si 47 A flexible solar-blind 2D boron nitride nanopaper-based C-H Lin et al.
current. The responsivity of the BN paper PD from 25 to 200°C at 10 V bias is shown in Fig. 4b . Because the responsivity of the device increases with biased voltage, we fixed the bias on 10 V to evaluate the device performance at different temperatures. Even at a temperature of 200°C, the responsivity of the BN paper PD is only 24% less compared to at room temperature, which demonstrates the steady photodetection ability of the device at different temperatures. The high-temperature operation of the BN paper PD compared to several PDs based on other semiconductors (β-Ga 2 O 3 , SiC, GaN, and Si) is demonstrated in Fig. 4c . The n-p-n Si PD almost entirely (>99%) loses its detection capability at 200°C. 47 Compared with other rigid material-based DUV detectors, including Ga 2 O 3 , 48 SiC, 47 and GaN, 49 the BN paper PD displays the smallest responsivity degradation from 25 to 200°C, thus confirming its outstanding thermal stability.
Durability is also important for practical flexible and wearable applications. We performed a bending test to examine the performance of the BN paper PD under different radius of curvatures, as shown in Fig. 5a . In this test, the device was operated under dark and 185 nm DUV illumination at a bias of 10 V and the bending condition was described by the radius of curvature between the two edges of the device. The consistent device performance at the same dark current and photocurrent levels in different bending conditions provides convincing evidence for the high flexibility and stability of the BN paper PD. Moreover, the endurance test shown in Fig. 5b was executed to verify the mechanical robustness of the device. After being bent 200 times at a radius of 1 cm, the device performance did not show significant change, confirming the high durability of the NFC supported BN paper PD.
In summary, the strategy described herein suggests a method for improving thermal management in flexible electronics. By incorporating 2D h-BN nanosheets and 1D cellulose nanofibers, we were able to achieve a flexible BN paper substrate that features a high thermal conductivity (146 W/mK) and smooth surface (Rms = 122 nm), which facilitates microelectronic fabrication processes. The flexible DUV paper PD was demonstrated with superior properties, including an outstanding detectivity (up to 8.05 × 10 10 cm Hz 1/2 /W), fast photoresponse (response and recovery times of 0.267 s and 0.393 s, respectively), high-temperature tolerance (200°C), and mechanical robustness (demonstrating reproducible photodetection over 200 bending cycles), making this device promising in solar-blind flexible applications. Additionally, because of the dielectric feature in the normal visible light wavelength region, BN paper is also an ideal flexible substrate for other DUVexcluded flexible applications. Using standard semiconductor deposition methods, high-quality semiconductor materials and metal electrodes can be constructed on BN paper, which enables high-performance flexible electronics with excellent thermal management.
METHODS

Device fabrication
To make the BN paper substrates, a 5 mg/mL h-BN solution was made by adding h-BN micropowder (Graphene Supermarket Inc.) into isopropyl alcohol by 48 h sonication. The h-BN dispersion was then purified using a centrifuge at a spin rate of 1000 rpm for 15 min. The oxidation process was carried out by adding 78 mg of 2,2,6,6-tetramethylpiperidine-1-oxyl and 514 mg NaBr to 5 g kraft bleached softwood pulp into 12% NaClO solution with a pH of 10.5 (controlled by adding NaOH). 31 After oxidation, deionized water was added to the oxidized product to prepare a 1 wt% cellulose suspension. The suspension was then processed by a microfluidizer (M-110EH, Microfluidics Ind.) to achieve the fine NFC suspension (diluted to 0.2 wt% with deionized water). The h-BN and NFC suspensions were mixed together by sonication for 15 min at a ratio of 1:1 and then filtered through a membrane filter (MF-Millipore) featuring 0.65 µm pore size. The BN paper was obtained by drying the wet film on the filter using a sequence of mechanical pressing methods, as previously described. 50 Finally, 200-nm thick Pt electrodes were deposited on the BN paper surface using shadow mask sputtering to form the BN paper PDs.
Experiments
The SEM images of the BN paper surface were taken using a Nova Nano 630 SEM with an accelerating voltage of 5 kV. The quality of the h-BN nanosheets was investigated using a JEOL JEM-2100 TEM at a voltage of 200 kV. The surface roughness of the BN paper was examined with a commercial AFM (Cypher ES AFM, Asylum Research Oxford Instruments) using Ti/Pt-coated silicon cantilevers (Asylum research). The tip curvature radius was ∼28 nm, and the resonance frequency was ∼75 kHz. The I-V characteristics of the BN paper PDs were surveyed using a Keithley 4200-SCS semiconductor characterization system in combination with an EverBeing Cryogenic Probe Station CG-196-200 for controlling the temperature. The device was annealed on a hotplate at 100°C for 2 min before I-V measurements. Unless otherwise noted, the measurements were performed using an applied bias of 10 V. For the bending test in Fig.  5a , we kept the device on different bending conditions and collected the data. For durability test in Fig. 5b , we collected a data point (at unbent state) after every 25 bending cycles. When bending radius smaller than 0.5 cm, the mechanical stress can result in permanent damage on BN paper device. For electron beam lithography patterning, the BN paper was fixed on a rigid Si substrate by tape, and used an electron beam system (Crestec, CABL-9000C series) to perform the experiment.
Data availability
The data sets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request. Fig. 5 The flexibility and durability of the BN paper PD. a The DUV light ON/OFF distribution of a BN paper PD as a function of bending radius of curvature. The inset shows images of the device under different bending conditions. b The ON/OFF states of the BN paper PD as a function of bending cycles. A cycle starts from an unbent state to a bending radius of 1 cm, and back again to the unbent state
